We describe in detail a simple method for flat-embedding that can be subsequently used in correlative light and electron microscopic studies. The method can be applied to any material suitable for electron microscopy and is especially useful for study of the synaptology and dtrdStNctud characteristics of immunocytochemidy or morphologically identified neurons or their processrs. We present here an mample to show how accurately one can delineate the fme details of a complex axonal arborization impregnated with the Golgi method in the mouse cerebral cortex. Golgi-impregnated sections to be studied at the electron microscopic level are osmicated, dehydrated, infiltrated with Araldite resin, flat-
Introduction
Since the introduction of electron microscopy, one of the main problems that investigators have found is how to bridge the gap between light and electron microscopy. This is of particular interest in neurobiology because of the great diversity of cells that make up the nervous system, their large size and extensive branching patterns, and the complexity of neuronal connections. It has proven extremely difficult to study completely and in detail the u l t r a s~~c -tural characteristics of any element of the nervous system. Important advances have been made in the study of the nervous system, thanks to the recent development of a variety of techniques that include, among others, immunocytochemistry, combinations of tract-tracing methods and histochemistry or immunocytochemistry, and intracellular injections of dyes. This has permitted a detailed chemical and anatomic mapping of many parts of the nervous system. Since the introduction of the combined Golgi-electron microscope technique (7), a number of methods have been developed that permit cells identified at the light microscopic level to be studied subsequently by electron microscopy. However, these methods are frequently attended by technical difficulties. The first problem that the electron microscopist faces is obtaining preparations that are effectively flat and optimal for light microscopic examina-tion and photomicrography. In immunocytochemistry, owing to the limited penetration of the immunoreagents into the tissue, the useful region of the tissue slide for electron microscopy is very shallow. Therefore, even slightly undulated sections make the targeting of immunostained tissue elements, by both light and electron microscopy, a cumbersome task. For Golgi preparations or for intracellular injections of dyes, however, the flatness of mounted sections is desirable but does not constitute a major requirement, since the labeled structures may occupy the whole thickness of the tissue section and therefore can be photographed in any plane of optical section. The second problem is how to connect the light microscopic preparation to an electron microscopic one and how to become oriented in the electron microscopic field. This is crucial when one attempts to study particular labeled neurons and even more so when the elements to be studied are fine processes or small structures. It is true that single intracellularly labeled neurons can be studied by electron microscopic reconstruction alone, with relatively few difficulties, but in Golgi or immunocytochemical preparations alien neuronal elements are labeled together with the neuron or processes selected for study, being then essentially an exact correlation of light and electron microscope images. In the present work we describe in detail a simple and reliable method that permits us to overcome most technical difficulties related to these two problems. This method can be used for any kind of preparation and depends on embedding in Araldite resin. Elements of this procedure have been published elsewhere by us or by other authors (e.g., 2,4,5,9-11). Here we describe our own recent modifications and DFZELIPE, F A~N some hitherto unpublished but important details. We use as an example the study of the synaptic connections of a complex axonal arborization in the mouse cerebral cortex stained with the Golgi method and prepared for electron microscopy using the Golgi-electron microscope technique of FairEn et al. (7).
Materials and Methods
The material for this study was obtained from the brain of a 12-day-old C57BI mouse. Under sodium pentobarbital anesthesia the mouse was perfused through the heart with a solution of 1% glutaraldehyde and 1% paraformaldehyde in 0.1 M phosphate buffer (pH 7.2). Pieces of cerebral cortex were Golgi-impregnated with the rapid Golgi method, sectioned with a sliding microtome (1) at 150 pm, and then gold-toned and deimpregnated (for details see 6.7). Gold-toned sections were osmicated in 1% osmium tetroxide in 0.1 M phosphate buffer for 1 hr and washed repeatedly in the same buffer. Thereafter, they were dehydrated in an ascending series of ethyl alcohol (70%, 95%, and absolute) followed by acetone, and then immersed in a mixture of acetone:araldite ( 1~) for 1 hr. The sections were finally transferred to Araldite resin in which they remained overnight at 4°C. Next day the sections were flat-embedded in newly prepared Araldite resin between silicone-coated microscope glass slides and coverslips. The protocol for Araldite was as follows: 10 g Araldite 502 resin; 8 g DDSA (dodecenyl succinic anhydride, redestilled EM grade); 0.3 ml DBP (dibutyl phthalate); 0.5 ml BDMA (bencyldimethylamine).
For coating the slides and coverslips with silicone, the best results were obtained when (undiluted) silicone solutions from Serva (Heidelberg, Germany) and Sigma (St Louis, MO) (Sigmacote) were used for slides and coverslips, respectively. The slides were dipped in the silicone solution and left to dry in an oven at 100°C for 1 hr. The coverslips remained immersed in the silicone solution until needed; they were then removed and left to dry upright at room temperature. The sections were placed on the coverslips with a small amount of unpolymerized resin and inverted onto the slides. Small weights made of Beem capsules filled with lead pellets were placed on the coverslips. The embedding was carried out at 60'C for 48 hr. After polymerization, the coverslips were easily removed with a razor blade. Sections were carefully examined by light microscopy and selected stained processes were photographed. Parts of the sections containing these processes were cut out with a razor blade and attached to epoxy resin blanks with cyanocrylic glue. Thereafter, the sections were trimmed with a removable microtome chuck (7) and resectioned serially into semi-thin (1-3 pm thick) sections with a Reichert ultramicrotome. The semi-thin sections were placed on drops of deionized or distilled water on plastic slides cast from the same resin used for embedding and dried in an oven at 60'C. The resin slides were prepared as follows: small amounts of unpolymerized resin were placed on strips cut from heat-resistant transparent plastic sheets (as used for overhead projection) conforming in size to 20 x 70-mm coverslips. These were inverted onto glass slides which had previously been dipped in a 2 % Formvar solution in chloroform, and the re:in was polymerized at 60°C for 48 hr. After polymerization, the plastic coverslips were removed with a razor blade and the thin layer of resin remained adherent to the glass slide. The semi-thin sections were placed on this thin layer of Araldite, supported by the glass slide.
After mounting on the resin slides, selected semi-thin sections were stained with 1% toluidine blue in 1% borax, examined with the light microscope, and photographed. Then the thin Araldite layer was carefully removed from the glass slide with a razor blade and cut into pieces, each piece containing one semi-thin section. With the semi-thin sections facing out, the plastic slide pieces were attached to plastic blanks with cyanocrylic glue and then resectioned at 60-70 nm (as indicated above). The thin sections were collected on Formvar-coated, single-slot grids, stained with uranyl acetate and lead citrate, and examined in a Jeol-1200 EX electron microscope.
Results
The Golgi-impregnated and gold-toned axonal plexus that was examined for the present description was located in Layers I1 and 111 of the somatosensory cortex. This plexus was made up of very thin fibers which, at irregular intervals, displayed small varicose dilatations 0.5-1 pm in diameter that could be identified in the flatembedded original Golgi section. These same varicose dilatations were again localized in the serial semi-thin sections ( Figure 1A ).
In this material it was found that the vast majority of the axonal varicosities of the plexus were adjacent to small dendritic profiles.
None of these varicosities was seen around cell somata ( Figure 1A ).
Selected semi-thin sections containing the axonal plexus under study were resectioned for electron microscopy ( Figure 1B) . At the electron microscopic level, the varicose dilatations were identified as axonal boutons ( Figures 1C and 1D ) forming symmetric (3) or Type I1 synapses of Gray (8) . Careful examination and correlation of the light and electron micrographs from the semi-thin and thin sections enabled us to identify virtually all stained profiles visible at the light microscopic level, and therefore to distinguish in the electron micrographs between the axon under study and adjacent Golgiimpregnated processes not belonging to the axonal arborization. For example, in Figure 1A there are a number of processes (small arrows) very close together that could be mistaken for axon terminals belonging to the axonal plexus under study, but at the electron microscopic level some of them were found to be dendritic processes ( Figure ID) , which therefore did not belong to the plexus under study.
Discussion
We have described here a method that allows the exact correlation of light and electron micrographs to ensure that the structures under study by electron microscopy are those previously identified by light microscopy. This correlation is simply made by systematically carrying out the following steps. The structures that are to be studied at the electron microscope level are first identified in sections embedded in Araldite and are photographed. These same structures are again localized in semi-thin plastic sections and again photographed. Finally, the semi-thin sections are resectioned for electron microscopy and, with the help of the previous photomicrographs, the same structures are once again localized in electron micrographs.
There are many publications in which techniques for flatembedding and for correlative light and electron microscopy of the nervous system have been described (e.g., 2,9-11), but most of these methods are subject to technical difficulties and inconsistency and, in addition, the publications frequently lack technical details. The method described in the present work derives from combining several standard electron microscopic techniques and represents a modification of the technique we published in 1982 (4), which was devised primarily to study the synaptic connections of intemeurons in the cat visual cortex. The present procedure offers two main advantages Over other methods. First, the improved flat-embedding of stained tissue slices results in better optical properties. The particular procedure used here for flat-embedding yields preparations with very uniform tissue surfaces and allows the use of oil-immersion objectives, which is very important for good high-resolution photomicrography. The latter point is important because in the majority of the preparations made with other flat embedding techniques the surfaces of the tissue commonly show small irregularities, resulting in poor optical properties. These irregularities may be less important in obtaining adequate low-magnification photomicrographs but are crucial for high-resolution photomicrography, which is demanded when the finest processes and small structures such as dendrites or axonal boutons are to be localized. This is particularly important in immunocytochemical preparations in which, because of the limited penetration of the antibodies, the labeled elements are only at the surfaces of the tissue slices. Therefore, if these surfaces are not even it is very difficult to obtain a high-power photomicrograph in which all elements within the microscopic field are in the same focal plane and which can appear together in the later electron micrographs. Some of the previous methods require quite complicated tricks to flatten tissue sections or leaving the slides unattended, as in the procedure using silicone rubber molds.
Second, an additional advantage lies in the most reproducible protocol to prepare epoxy resin blanks for placing the semi-thin sections before resectioning, resulting in an easier recovery of the material. The step of studying the semi-thin sections before the ultrastructural analysis is very useful, especially when the synaptic connections of identified terminals are attempted, because it provides a provisional identification of the most probable postsynaptic elements (e.g., cell somata, dendrites of small or large caliber, proximal or distal dendrites). Finally, we would like to point out that the maximal degree of accuracy in the identification at the electron microscopic level of the elements visualized in the semithin sections is simply achieved by means of photomicrography of the semi-thin sections (unstained or stained with toluidine blue) before their resectioning for electron microscopy. By doing this, 100% accuracy is obtained without the need of any other special device.
Compared with previous procedures for resectioning semi-thin sections, the present method offers other advantages. For instance, Kaplan and Hinds' procedure (11) has the disadvantage of using a potentially dangerous chemical (fluorhydric acid) and of being less simple than our procedure. The procedure by Johnson (10) has been extensively tested in our laboratories; it is also less simple than our procedure, and the cyanocrilic glue used in Johnson's procedure to attach the semi-thin sections to epoxy resin blanks introduces dirt into the ultramicrotome knife troughs and may damage the diamond knife edge.
